T he T cell plays a major role in the cellular response to the HIV infection, inhibiting virus replication either through secretion of IFNs and other suppressive factors or by direct cytotoxicity (1) (2) (3) (4) (5) (6) (7) (8) (9) . Even in the face of a vigorous T cell response to HIV, however, viral replication usually proceeds unchecked and disease progression occurs. CD4 ϩ T cells play an important role in immune responses, both by providing help to B cells and by facilitating the generation and activity of CD8 ϩ CTLs (10) . A major characteristic of HIV disease is the decline of CD4 ϩ T cell numbers due to a shortened survival time and a failure to increase T cell production (11) (12) (13) (14) (15) . In addition to the loss of numbers, CD4 ϩ T cells have functional defects, reduced proliferative capacity, abnormal cytokine profiles, and defective responses to and production of IL-2 (16 -20) . Changes in the number and function of CD4 ϩ T cells alone, however, would not fully explain HIV disease progression. CD4 
T cells are critical for effective CD8
ϩ T cell responses (10) and loss of numbers and function within the CD4 ϩ T cell compartment might, in turn, have detrimental effects on CD8 ϩ T cell compartment. By example, HIV-specific CD8 ϩ T cells have been reported to express only low levels of perforin, a key mediator of cytolytic activity, even though they can still produce antiviral cytokines and chemokines (21) (22) (23) . Defective cytolytic activity has been associated with a specific CD8 ϩ T cell subpopulation, the less differentiated CD8
ϩ CD27 ϩ T cell subset (22) , suggesting an association between impaired T cell function with skewed maturation and an immature phenotype (24, 25) . Finally, CD8
ϩ T cells have lower levels of CD3 and CD28, features associated with defects in stimulation via the TCR (26, 27) .
Multiple mechanisms might underlie impaired T cell function, including defects in differentiation (28, 29) , impaired signaling via the TCR (30, 31) , and down-modulation and/or modification of molecules critical for T cell signaling (26, 27, 32, 33) . Signaling defects have also been found in rhesus macaques after experimental SIV infection (34, 35) . However, cellular function and signaling properties are in large part dictated by the stage of T cell activation and/or differentiation (36 -38) , making it difficult to discern cellspecific defects when heterogeneous populations of cells are analyzed, e.g., using Western blot analysis to examine phosphorylation events in PBMCs.
The aim of this study was to determine whether signaling alterations exist in specific CD4 ϩ and CD8 ϩ T cells subpopulations during the course of HIV disease progression and treatment. We adapted and optimized a previously described flow cytometric assay (39 -41) to visualize phosphorylation of known intermediates of cellular signaling pathways in defined T cell subpopulations. We demonstrate that signaling mediated by TCR cross-linking, IL-2, and PMA/ionomycin is blunted in cells from untreated subjects with progressive disease (progressors, PROGs) 4 compared with long-term nonprogressors (LTNP) and to those who have been successfully provided antiretroviral treatment (responders, RESPs). These signaling alterations are not restricted to a specific T cell subpopulation and some are correlated with levels of basal phosphorylation of proteins involved in various T cell signaling cascades, viral load (VL), and/or expression of programmed death-1 (PD-1), a CD28 family member that negatively regulates T cell function in the context of HIV disease (42) (43) (44) (45) (46) . Of these influences, a high level of basal phosphorylation was found to have the greatest impact on the magnitude of signaling changes to specific stimuli. Finally, altered signaling found in PROGs was observed to be reversible with antiretroviral treatment.
Materials and Methods

Study participants
HIV-infected people were recruited from the San Francisco Bay Area into the Study of the Consequences of the Protease Inhibitor Era. Samples of PBMCs for the current study were taken from three distinct groups: (i) LTNP with a CD4 T cell count Ͼ 500 cells/l despite at least 10 years of untreated HIV infection, and a plasma VL Ͻ 2,000 copies/ml; (ii) PROGs with a CD4 T cell count Ͻ 200 cells/l, plasma VL Ͼ 10,000 copies/ml, and no antiretroviral therapy (ART) at the time of blood sampling; and (iii) RESPs who were on a stable antiretroviral regimen, had an undetectable VL, and had a previous CD4 T cell count nadir Ͻ 200/l, but at the time of sampling had a CD4 count Ͼ 500/l. Analyses were conducted on archived PBMCs that had been viably frozen and stored at the University of California-San Francisco AIDS Specimen Bank. PBMCs from HIVuninfected individual controls were isolated from buffy coats from whole blood (Stanford Blood Center) and viably frozen for subsequent analyses.
Measurements
Plasma HIV RNA levels were determined by the branched DNA assay (Quantiplex HIV RNA, version 3.0; Chiron Corporation). CD4 cell counts were determined by flow cytometry.
Cell culture and flow cytometric analyses
Before analysis and stimulation, frozen PBMCs were thawed in 15 ml RPMI 1640 cell culture medium (Mediatech) containing 5% FBS (HyClone; RPMIϩ), washed in PBS containing 2% FBS (PBSϩ), and then rested at 5 ϫ 10 6 cells/ml in RPMIϩ at 37°C, 5% CO 2 , overnight. The following day, cells were washed with ice-cold PBSϩ and transferred to a 96-well V-bottom plate. Each sample was stained for expression of the cell surface markers CD3, CD4, CD8, CD27, CD45RA, and PD-1. An aminereactive dye (violet Live/Dead; Invitrogen) was used to stain dead cells. Expression levels of cell surface markers were measured in terms of median fluorescence intensity (MFI). To account for interassay variability, MFI-values of HIV-infected patients were normalized by subtraction of MFI-values of an HIV-uninfected standard control (⌬MFI), which was included in all experiments.
For signaling analysis in T cell subpopulations, cells were initially stained on ice with Abs detecting CD3, CD8, CD27, and Live/Dead cell markers. The anti-CD45RA Ab was not included in the initial cell surface stain, as this Ab gives reasonable staining results only after fixation/permeabilization of the cells. To activate the TCR complex, cells were first preincubated with biotin-conjugated anti-CD3 (clone HIT3a) and anti-CD28 Abs, either alone or in combination with either biotin-conjugated anti-CD4 or anti-CD8 CD8 Ab for 20 min on ice. Subsequently, cells were transferred to streptavidin in PBSϩ at 37°C, thereby cross-linking and activating TCR-mediated signaling. To activate cytokine-or mitogen-induced signaling, cells were transferred to PBSϩ containing IL-2, IL-4, or PMA/ionomycin at 37°C. Signaling was arrested after 15 min by immediate fixation, adding 4% paraformaldehyde to a final concentration of 2%. After 20 min of fixation and subsequent wash, cells were permeabilized in 70% ice-cold methanol for 20 min on ice. Cells were washed and stained with an Ab mixture containing phospho-(p-) and CD45RA-specific Abs for 60 min on ice. Before analysis, cells were washed and resuspended in PBSϩ containing 0.05% formaldehyde. Unstimulated control cells underwent the same manipulations. Cells were analyzed on a customized LSR II Flow Cytometer (BD Biosciences). Analysis of data was performed using FlowJo (Tree Star). Fold-changes in phosphorylation were calculated as the ratio of MFI of stimulated cells over unstimulated cells.
Calcium flux response after TCR cross-linking was assessed with the fluorescent calcium indicator, Indo-1 AM. Calcium release was measured by flow cytometry over time by the change in emission spectrum from blue to violet. Indo-1 is excited in the UV and fluoresces at different wavelengths depending on whether it is bound to calcium (ϳ420 nm) or free (ϳ510 nm). The ratio of these two wavelengths indicates changes in intracellular calcium concentration. TCR activation was induced by adding streptavidin during FACS acquisition to cross-link biotinylated Abs: anti-CD3 in combination with anti-CD4 or anti-CD8. The ionophore, ionomycin, was used as a positive control and levels before stimulation were used as negative control baseline level. An average of 2 ϫ 10 6 total PBMCs were labeled for 30 min at 37°C with 2 M Indo-1 AM, 0.02% pluronic F-127 in 2 ml of HBSS supplemented with 1% FBS, 1 mM CaCl 2 , and MgCl 2 (HBSS Ca 2ϩ buffer). Cells were then washed twice and resuspended in 500 l of HBSS Ca 2ϩ buffer containing biotinylated anti-CD3 and anti-CD8 or anti-CD4 Abs for 5 min at room temperature (RT). Cells were subsequently stained with a combination of anti-CD3, anti-CD8, and anti-CD4 Abs for 25 min at RT. Cells were washed twice and resuspended in 500 l of HBSS Ca 2ϩ buffer, then kept on ice until being warmed to RT before FACS acquisition on a FACSDiva flow cytometer. After 25 s of acquisition, 5 l of 2 M streptavidin solution or 5 l of ionomycin at 0.1 mg/ml were added, and calcium release was measured during the remaining 3-5 min. FACS data were analyzed with the calcium flux platform from FlowJo software on live (Indo-1) CD3
ϩ CD8 ϩ CD4 Ϫ T lymphocytes. No cross-blocking activity was observed between CD3-, CD4-, or CD8-biotinylated and -fluoresceinated murine mAbs with this combination.
Abs and reagents
The following Abs were used for detection of cell surface markers: CD3 (clone SP34-2, Alexa700-conjugated at a dilution 1/100, purchased from Invitrogen or clone UCHT1 from eBiosciences), CD4 (clone S3.5, PE-Cy7, 1/100; Invitrogen), CD8 (clone 3B5, PE-Cy5.5, 1/1000; Invitrogen), CD27 (clone 0323, 1/100, allophycocyanin-Alexa750; eBioscience), CD45RA (clone 2H4, ECD, 1/100; Beckman Coulter), and PD-1 (clone MIH4, PE). Dead cells were stained with a violet-fluorescent fixable Live/Dead aminereactive dye (1/1000; Invitrogen). The following Abs (all BD Biosciences), either alone or in combination, were used at a dilution of 1/25 for TCR cross-linking: CD3-biotin (clone HIT3), CD4-biotin (clone RPA-T4), CD8-biotin (clone SK1), and CD28-biotin (clone CD28.2). Streptavidin (Sigma-Aldrich) was used at a final concentration of 80 g/ml. The following p-specific Abs (all BD Biosciences) were used at a dilution of 1/20: Zap70 (phosho-tyrosine (pY)319/Syk pY352, clone 4, Alexa647-conjugated), lymphocyte specific kinase (Lck) (pY505, PE), linker for activation of T cells (Lat) (pY226; clone J96 -1238-58.93, Alexa488), ERK1/2 (pthreonine (pT)202/pY204, Alexa488), p38 (pT180/pY182, Alexa647), Akt (pT308, PE), Stat5 (pY694, PE), and Stat6 (pY641, Alexa647).
For stimulation, IL-2 (Sigma-Aldrich) was used at 100 ng/ml, IL-4 (R&D Systems) at 100 ng/ml, PMA (Sigma-Aldrich) at 100 ng/ml, and ionomycin calcium salt (Sigma-Aldrich) at 1 g/ml. For fixation of cells, we used final concentration of 2% paraformaldehyde (Electron Microscopy Sciences; 15710). Cells were permeabilized with 70% methanol (Fisher Scientific). The fluorescent calcium indicator Indo-1 AM (Molecular Probes) was used at a final concentration of 2 M.
Statistical analyses and heatmaps
To compare expression of cell surface markers, signaling, and levels of basal phosphorylation between groups, a nonparametric two-tailed MannWhitney U test for unpaired data sets was used. Two-tailed Spearman's rank correlation was used to analyze relationship between signaling and levels of VL, levels of basal phosphorylation, or expression of PD-1. Differences were statistically significant with a value of p Ͻ 0.05 ‫,ء(‬ p Ͻ 0.05; ‫,ءء‬ p Ͻ 0.01; ‫,ءءء‬ p Ͻ 0.001). Statistical analyses were performed using Prism 4 (GraphPad). TIGR MeV v3.1 was used to create heatmaps (www.tm4.org/index.html).
Results
HIV-infected subjects and study design
This study included 57 HIV-infected individuals at distinct stages of disease progression, including chronically HIV-infected untreated LTNP (n ϭ 20), untreated PROGs (n ϭ 18), and RESPs (n ϭ 19) with treatment-mediated viral suppression ( Table I ). The LTNP were selected on the basis of being infected for at least 10 years, having a CD4 T cell count Ͼ 500 cells/l (median 770), having a plasma VL Ͻ 2000 copies/ml (median 114), and not having received ART. PROGs had a low CD4 count (Ͻ200 cells/ l; median 55), a high plasma VL (Ͼ10,000 copies/ml; median 65,864), and were not on treatment at the time of blood sampling. Antiretroviral "RESPs" to treatment were selected on the basis of having had a CD4 nadir of Ͻ200/l, which had increased to over 500 cells/l (median 703) at the time of sampling, and at the same time having a VL Ͻ 75 copies/ml. The median number of CD8 ϩ T cells was slightly reduced (median 770) in HIV PROGs compared with LTNP (1146) and RESPs (1088). The median age and year of having been tested HIV positive were comparable in all groups. A majority of all participants were men.
Phenotypic analysis of PBMCs
PBMCs from all participants were analyzed for expression levels of the cell surface markers CD3, CD4, and CD8, and the maturation markers CD45RA and CD27 were used to subdivide CD3 ϩ CD4 ϩ and CD3 ϩ CD8 ϩ T cells into subpopulations of naive
, and effector (CD45RA ϩ CD27 Ϫ ) T cells (see Fig. 1A for gating strategy). As expected, and when compared with LTNP and RESPs, those with progressive disease had an inverted CD4:CD8 ratio with a very low percentage of CD4 ϩ T cells (mean 7%, 12.9% SD) within their CD3 ϩ T cell pool (Fig. 1B, left) , a higher frequency of circulating memory/memoryeffector T cells, and a lower frequency of naive cells (Fig. 1B , middle for CD4 and right for CD8). Interestingly, LTNP had a significantly higher representation of effector CD8 ϩ T cells than the other two groups, whereas RESPs had more naive CD8 ϩ T cells than the other groups ( p Ͻ 0.05 for each pairwise comparison) (Fig. 1B, right) . Under the conditions used for staining in these experiments, the cell surface expression levels of CD3, CD4, and CD8 (measured in terms of MFI) were found to be comparable in all T cell subpopulations in each of the three groups studied (Fig. 1C ).
Simultaneous analysis of cellular phenotype and intracellular signaling events within heterogeneous cell subpopulations by flow cytometry (PhosFlow)
To study cell signaling in defined subpopulations of T cells, the PhosFlow assay (39 -41) was adapted so that it could be used reliably to analyze human PBMC. We systematically tested a series of different protocols and conditions for fixation, permeabilization, activation, and cell staining so that the phenotypic markers used to demarcate specific T cell subpopulations could be visualized at the same time as intracellular p-proteins (data not shown).
Different cell culture conditions, e.g., resting time, cell density, serum concentration, and origin (e.g., human vs bovine), did not greatly affect levels of basal phosphorylation or of stimulation. However, resting cells overnight, as compared with resting cells for 90 min, resulted in stronger fold-changes in phosphorylation after stimulation. To establish optimal conditions for the analysis of TCR-mediated signaling, a protocol for cross-linking components of the TCR complex on the cell surface was developed, using combinations of biotinylated anti-CD3, -CD28, -CD4, and -CD8 Abs together with streptavidin (see below and Ref. 47 ). Crosslinking did not alter cell surface expression or detection of CD3, CD4, or CD8 (data not shown).
The optimized PhosFlow protocol for TCR-mediated signaling was validated by incubating heterogeneous cell subpopulations of PBMCs with or without a combination of biotinylated Abs binding CD3, CD28, and CD4 (CD3 ϩ 28 ϩ 4) or CD3, CD28, and CD8 (CD3 ϩ 28 ϩ 8) for 20 min on ice, followed by a cross-linking step with streptavidin at 37°C to activate the TCR. After 15 min, cells were fixed with paraformaldehyde, permeabilized with methanol, and stained with a fluorochrome-conjugated p-Zap70-specific Ab. Using multicolor flow cytometry, phosphorylation levels of Zap70 (p-Zap70) were then analyzed in CD4 ϩ and CD8 ϩ T cells. As expected, p-Zap70 was most evident in CD4 ϩ T cells after cross-linking of CD3 ϩ 28 ϩ 4 ( Fig. 2A, left) . Incubation with anti-CD3 ϩ 28 ϩ 8 Abs still cross-links CD3 ϩ 28 on CD4 ϩ T cells and therefore induced a small change of p-Zap70 when compared with unstimulated control. Reciprocal results were obtained in CD8 ϩ T cells, in which cross-linking of CD3 ϩ 28 ϩ 8 resulted in the highest levels of Zap70 phosphorylation ( Fig. 2A, right) . To better quantify and to visualize changes in levels of phosphorylation, the MFI of the p-specific signal was measured and foldchanges in phosphorylation were calculated as a ratio of MFI in stimulated vs unstimulated cells (Fig. 2B ). To show that the TCR cross-linking protocol provides a functional response, Ca 2ϩ influx was analyzed after TCR-linking and in comparison with ionomycin, a potent stimulator of calcium influx (Fig. 2C) . Indeed, TCR cross-linking induced cellular Ca 2ϩ -influx, although not as strong as ionomycin, possibly reflecting a more physiological TCR-mediated stimulation. When used in the absence of cross-linking, the biotinylated or fluoresceinated Abs did not induce any detectable calcium release when added to unstained cells (data not shown). Moreover, cross-linking was specific for either CD4 or CD8 T cell populations, depending on whether anti-CD4 or anti-CD8 Abs, respectively, were used.
PhosFlow analysis of T cells from HIV-infected patients at different stages of disease progression
Using the PhosFlow protocol as described above, PBMCs from HIV-infected LTNP, PROGs, and RESPs were stained for cell ϩ T cells within the CD3 ϩ compartment (left) and of naive, memory, memory-effector, and effector T cells within CD4 ϩ (middle) and CD8 ϩ T cells (right) in the three HIV-infected groups of LTNP, PROGs, and RESPs. Error bars indicate SD. C, Cell surface expression levels of CD3 on CD3 ϩ T cells (left) and CD4 or CD8 on naive, memory, memory-effector, and effector CD4 ϩ or CD8 ϩ subpopulations (middle and left, respectively) from three HIV-infected groups as indicated. Expression levels of cell surface markers were measured as MFI and normalized (⌬MFI) to an HIV-uninfected standard control, which was included in all experiments. For the box-and-whisker graph, the lines in the boxes represent median values, the boxes range from the 25 th to 75 th percentiles, and the error bars indicate the lowest and highest values. Groups in B and C were compared using the nonparametric two-tailed Mann-Whitney U test; statistically significant differences are indicated by the lines below the plots. ‫,ء‬ p Ͻ 0.05; ‫,ءء‬ p Ͻ 0.01; ‫,ءءء‬ p Ͻ 0.001. and unstimulated cells within different subpopulations of CD4 ϩ and CD8 ϩ T cells (except for CD4 ϩ effector T cells, of which there were too few cells to analyze in most subjects). In response to TCR-mediated signaling, significant responses to stimulation and differences between HIV-infected groups were found in phosphorylation of Lck and Zap70 (Fig. 3A) . Changes in phosphorylation were blunted in PROGs when compared with LTNP and RESPs. The blunted signaling responses did not seem to be restricted to or especially pronounced in specific CD4 ϩ or CD8 ϩ T cell subpopulations. Overall, changes in p-Lck tended to be more evident in the naive compartment (Fig. 3A, top) , whereas those in p-Zap70 resided preferentially in more differentiated T cell subpopulations (Fig. 3A, bottom) .
Signaling and functional responses to stimulation with IL-2 have previously been described as defective in HIV-infected subjects (16 -20) . We accordingly tested signaling responses to cyto- 3B) , and these altered responses were not restricted or specific to a given T cell subpopulation. We did not see significant differences in CD25 expression in different CD4 ϩ or CD8 ϩ T cell subpopulations between the three groups (data not shown). Therefore, it is unlikely that expression levels of CD25, the ␣-chain of the tripartite high affinity IL-2 receptor, account for differences in signaling after IL-2 stimulation. In contrast to p-Stat5 after stimulation with IL-2, fold-changes of p-Stat6 and p-p38 in response to IL-4 were similar in all T cell subpopulations in each of the three HIV-infected groups (data not shown).
To test whether T cell subpopulations from HIV-infected PROGs have altered signaling responses to even more general stimuli, PhosFlow analyses were conducted after treatment with PMA/ionomycin. Even under these conditions, CD4
ϩ and CD8 ϩ T cells from PROGs had a significantly blunted ability to phosphorylate the MAPK ERK1/2 when compared with LTNP and RESPs (Fig. 3C, top) . These signaling defects were not restricted to any of the T cell subpopulations analyzed. Although fold-changes in phosphorylation of the MAPK p38 tended to be lower in PROGs, no statistically significant differences were found between them and LTNP or RESPs (Fig. 3C, bottom) .
To compare "normal" T cell signaling with that found in the context of HIV infection, we compared a group of six HIV-uninfected controls with the group of LTNP. Signaling in both groups was comparable (Fig. 3, D-F) , most likely reflecting the low VLs and high numbers of CD4 ϩ T cells associated with the group of LTNP.
With the stimulations analyzed here, phosphorylation levels were found to increase in T cell subpopulations overall, rather than within a subset of each subpopulation (data not shown). However, and as can also be seen in Fig. 3, CD4 ϩ and CD8 ϩ T cells as well as subpopulations thereof respond with a different magnitude of changes in phosphorylation after stimulation.
Correlation of cellular signaling with levels of HIV VL
To ascertain whether any of these alterations in T cell signaling might be associated with VL, the fold-changes in response to each of the above stimuli (TCR cross-linking, IL-2, and PMA/ionomycin) were plotted against the log 10 VL (Fig. 4) . In general, greater fold-changes in phosphorylation after stimulation were associated with lower VLs. This inverse correlation was statistically significant for changes in p-Lck after TCR cross-linking and p-ERK1/2 after PMA/ionomyconin in all CD4 ϩ T cell subpopulations analyzed. Moreover, the change in p-p38 after stimulation with PMA/ ionomycin was inversely correlated with VL in memory-effector CD4 ϩ T cells. Other statistically significant inverse correlations of VL and signaling were found within the CD8 ϩ T cell compartments: p-ERK1/2 after PMA/ionomycin in naive, memory, and memory-effector T cells; and p-Lck after TCR cross-linking in naive and effector T cells.
PD-1 expression and correlation with cellular signaling
The CD28 family member PD-1 has been recently shown to be highly expressed on viral-specific T cells during chronic viral infections and to negatively regulate T cell function (42, 43, 45, 46) . To determine whether levels of PD-1 expression correlate with cellular signaling, the MFI of PD-1 expression was analyzed in each of the CD4 ϩ and CD8 ϩ subpopulations from the three patient groups described above. As expected, higher levels of PD-1 expression were observed on most if not all of the different T cell 
FIGURE 2. T cell-specific stimulation by TCR cross-linking induces specific signaling analysis, as analyzed by PhosFlow, and Ca 2ϩ -influx. A, Histograms of MFI of p-Zap70 in CD4
ϩ (left) and CD8 ϩ T cells (right). PMBCs were stained for expression of CD3, CD4, and CD8 and subsequently incubated with biotinylated Abs binding either CD3 ϩ 28 ϩ 4 or anti-CD3 ϩ 28 ϩ 8 or without Abs. TCR-mediated signaling was activated by cross-linking biotinylated Abs with streptavidin for 15 min. After fixation and permeabilization, cells were stained with an Ab detecting pZap70. Levels of p-Zap70 within CD4 ϩ and CD8 ϩ T cells were analyzed by flow cytometry. B, Bar graphs represent levels of p-Zap70 as quantified by MFI and fold-changes (stimulated over unstimulated) of MFI after specific TCR cross-linking, as indicated below, in CD4 ϩ (left) and CD8 ϩ T cells (right). C, TCR cross-linking induces cellular Ca 2ϩ -influx. PBMCs were incubated with biotinylated Abs binding CD3 ϩ 8 before staining with a combination of anti-CD3, anti-CD8, and anti-CD4 Abs. The TCR signaling was activated by adding streptavidin, and Ca 2ϩ influx was measured with the fluorescent calcium indicator, Indo-1. Calcium release was measured by flow cytometry over time by the change in emission spectrum from blue to violet (Indo-1 AM). Stimulation with the calcium ionophore, ionomycin, served as a positive control.
subpopulations from PROGs compared with LTNP and RESPs (Fig. 5A) . In addition, expression of PD-1 tended to be higher on CD8 ϩ T cells (right) when compared with CD4 ϩ T cells (left). We correlated expression levels of PD-1 (Fig. 5B, y-axis) with changes in cellular signaling (Fig. 5B, x-axis) after stimulation with TCR cross-linking, IL-2, or PMA/ionomycin. Overall, higher levels of PD-1 expression were associated with lower fold-changes in protein phosphorylation after stimulation. The strongest correlations between the levels of PD-1 expression and blunted signaling were found in CD4 ϩ T cell subpopulations for p-Lck and p-Zap70 after TCR-stimulation and p-ERK1/2 after stimulation with PMA/Iono. In CD8 ϩ T cell subpopulations, higher levels of PD-1 expression were associated with blunted phosphorylation of Stat5 and of ERK1/2 after stimulation with IL-2 and PMA/ionomycin, respectively.
Analysis of basal phosphorylation levels in T cells from HIV-infected patients at varying stages of disease progression
Because the observed alterations in signaling were measured as a fold-change over baseline (unstimulated) levels of phosphorylation, an observed "decrease" in signaling could be due either to decreased levels of induced phosphorylation and/or to increased levels of basal phosphorylation. We accordingly analyzed basal phosphorylation levels of selected proteins in CD4 ϩ and CD8 ϩ T cell subpopulations from LTNP, PROGs, and RESPs. Overall, basal levels of phosphorylation (particularly those associated with p-Lck and p-ERK1/2) were higher in T cells from patients with progressive disease when compared with LTNP and RESPs (Fig.  6 ). Many of these differences reached high levels of significance and were observed in all of the CD4 ϩ and CD8 ϩ T cell subpopulations analyzed (Fig. 6, A and C, respectively) . In the case of p-Stat5, the differences between groups were more pronounced in CD8
ϩ than in CD4 ϩ T cells (Fig. 6B) . By contrast, the basal levels of p-Zap70 (Fig. 6A) and p-p38 (Fig. 6C) were more uniform between the three patient groups, with only isolated differences in patterns found in PROGs compared with LTNP and RESPs.
Higher basal phosphorylation levels, in turn, might contribute to the dysregulated and blunted cellular signaling responses seen in progressive stages of HIV infection. To obtain a more global view of this possibility, basal levels of p-Lck, p-Zap70, p-Stat5, p-ERK1/2, and p-p38 (Fig. 7, y-axis) were correlated with respective fold-changes in phosphorylation after stimulation (Fig. 7, x-axis) . In CD4 ϩ and CD8 ϩ T cell subpopulations, high basal phosphorylation levels were associated with lower changes of phosphorylation for p-Lck after TCRstimulation, p-ERK1/2 after PMA/Iono, and p-Stat5 after stimulation with IL-2. No correlations between basal and fold-change in phosphorylation were apparent for Zap70 and p-38.
Discussion
HIV disease is associated with chronic immune activation and multiple tiers of T cell dysfunction (16, 20, 48, 49) . In this study, we have adapted a multiparameter flow cytometric technique (PhosFlow) (39 -41) to interrogate T cell signaling pathways in discrete subpopulations of CD4 ϩ and CD8 ϩ T cells obtained from subjects in varying stages of HIV disease and treatment. We show that PhosFlow enables simultaneous analysis of specific signaling pathways within discrete and multiple subpopulations of CD4 ϩ and CD8 ϩ T cells. Using this approach, we wished to know: (a) whether and which defects in T cell signaling might be associated with advanced disease; (b) whether such defects were generalized across the CD4 ϩ and/or CD8 ϩ T cell lineages; and (c) whether any observed defects were reversed by effective antiviral treatment.
Our results indicate that, in subjects with advanced disease, T cell signaling responses to TCR cross-linking, IL-2, and PMA/ionomycin were blunted within many if not all CD4 ϩ and CD8 ϩ T cell ϩ T cells (right). Protein phosphorylations were analyzed for (A) Lck and Zap70, (B) Stat5, and (C) ERK1/2 and p38. The HIV-infected groups were compared using the nonparametric twotailed Mann-Whitney U test; statistically significant differences are indicated by the lines below the plots. ‫,ء‬ p Ͻ 0.05; ‫,ءء‬ p Ͻ 0.01; ‫,ءءء‬ p Ͻ 0.001. subpopulations. Interestingly, changes in phosphorylation of key signaling intermediates were not so much associated with defects in induced phosphorylation per se but with an increased level of basal phosphorylation. When effective antiviral treatment was initiated, basal phosphorylation levels returned to normal, as did signaling responses to multiple T cell stimuli. These observations highlight the indirect effects that HIV infection has on the T cell compartment and may in part provide a mechanistic basis to observed features of T cell dysfunction found in late-stage disease.
PhosFlow analysis showed that, in response to TCR cross-linking, phosphorylation of Lck and Zap70 was most significantly reduced in PROGs compared with LTNP and RESPs, especially in naive T cells for p-Lck and in more differentiated T cell subpopulations for p-Zap70. After stimulation with IL-2, the extent of phosphorylation of Stat5 in PROGs was also diminished in most T cell subpopulations, and especially in CD8 ϩ T cells. Finally, blunted phosphorylation of ERK1/2 was observed in most T cell subpopulations after stimulation of cells from PROGs with PMA/ ionomycin. These results are consistent with previous reports in the literature. For example, Cayota et al. (1994) (32) and Stefanova et al. (1996) (33) showed that HIV disease progression is associated with defective tyrosine phosphorylation and altered levels of or post-translational modifications of T cell signaling molecules. Likewise, differential display of protein tyrosine kinases in CD4 ϩ T cells revealed dysregulation of multiple protein kinases in the setting of pathogenic SIV infection (34, 35) . Down-regulation of CD3 and CD28 on CD8 ϩ T cells has been associated with defects in TCR stimulation (26, 27) , whereas defects in IL-2 receptor expression in HIV disease have been linked to impaired activation of Stat5 and upstream kinases (19) . Of note, all of these findings were made in the context of heterogeneous populations of CD4 ϩ and CD8 ϩ T within PBMCs, making it difficult to determine whether they might simply reflect changes in the relative frequencies of individual T cell subpopulations. In this study, using the single cell analytical platform provided by Phosflow, we show that abnormalities in protein phosphorylation and signaling are found in multiple discrete subpopulations of both CD4 ϩ and CD8 ϩ T cells, suggesting a generalized impact of progressive HIV infection on all. Technical limitations, i.e., primary cells available from HIV ϩ individuals, did not allow us to directly include more detailed analyses of protein expression levels here.
Potential drivers of such generalized dysregulation of T cell signaling might include the chronically activated state that attends progressive HIV disease (50) and/or circulating virus (or viral proteins). For instance, cross-linking of CD4 by HIV envelope glycoprotein gp120 and/or gp120-specific Abs has been shown to inhibit CD4 ϩ T cell function and activation (51, 52) . Moreover, gp120 has been found to induce TCR desensitization and to alter signal transduction through Lck, possibly by affecting its association with CD4 (53, 54) . Interestingly, in the present study, only changes in p-Lck, but not p-Zap70, after TCR-stimulation were significantly affected by VL. This suggests that T cells in the presence of high VL and higher levels of circulating gp120 are more prone to lose activation of the immediate-early Lck-mediated TCR signaling and that this altered activation of the CD4-associated Lck kinase does not fully translate to the downstream Zap70 kinase. However, signaling through Lck is also altered in CD8 ϩ T cells, suggesting that gp120 alone does not account for blunted signaling. The more pronounced impairment of p-ERK1/2 after stimulation with PMA/Iono, when compared with p-p38, possibly reflects the fact that blunted changes in p-ERK1/2 are associated with higher VLs, whereas p-p38 is less affected. High VLs do not seem to be the causative agent of blunted IL-2 signaling, as analyzed by change in p-Stat5 after stimulation. To more directly analyze the effect of cellular activation on signaling in HIV infection, we correlated basal phosphorylation and signaling with cellular activation, i.e., as measured by expression of the activation markers CD38 and/or HLA-DR, for a subset of patients (9 LTNP, 3 PROG, and 10 RESP). Data from these patients had all been gathered within 12 mo of the PhosFlow analysis, and the patients had shown no change in clinical status during the intervening time frame. There was a clear trend of higher activation correlated with higher basal phosphorylation and blunted signaling (data not shown). However, with the limited data set available, the correlations were not statistically significant and we are, at this point, not able to directly show a correlation between cellular activation and basal levels of phosphorylation or signaling. However, studies addressing this important question are underway.
The immunoreceptor PD-1 suppresses TCR signaling, likely via a recruitment of SHP phosphatase activity, resulting in decreased phosphorylation of the CD3 activation motifs, attenuated Zap70 activation, and inhibition of downstream signal transduction (55) . Recently, up-regulation and expression of PD-1 has been associated with T cell dysfunction, and cellular exhaustion in chronic lymphocytic choriomeningitis virus and HIV infections (42) (43) (44) (45) (46) . Therefore, expression of PD-1 might well account for some of the decreased signaling seen here. PD-1 expression was highest on cells from patients with progressive disease and elevated levels were associated with blunted changes in p-Lck and p-Zap70 in most T cell subpopulations after TCR stimulation. Interestingly, high levels of PD-1 expression were also associated with blunted IL-2 signaling in CD8 ϩ , but not CD4 ϩ , T cells, possibly reflecting different IL-2 signaling networks or requirements in these cell types.
Progressive HIV disease is associated with a chronic inflammatory state that induces T cell activation (48, 50) and the secretion of multiple proinflammatory cytokines and chemokines. These mediators, in turn, can have profound effects on the expression of cellular proteins involved in cell-cell interactions. For instance, HIV-induced stimulation of IFN␣ from plasmacytoid dendritic cells results in up-regulation of MHC class I proteins in vivo, which in turn can interact with TCR of circulating cells (56, 57) . These more global and indirect factors may affect the basal phosphorylation state of key signaling intermediates within CD4 ϩ and CD8 ϩ T cells. Thus, a constitutive activation of Stat1 and Stat5 in PBMCs has previously been reported in the setting of HIV infection (58) . Our results show that levels of Stat5 phosphorylation are highest in CD4 ϩ and CD8 ϩ T cells from patients with progressive disease and that these cells are precisely those with impaired signaling. Similar results were found for Lck and ERK1/2 (but not Zap70 or p38) and, again, high levels of basal phosphorylation of these kinases were associated with lower changes in induced phosphorylation after TCR, IL-2, and PMA/ionomycin stimulation.
To determine whether blunted signaling is the consequence of elevated basal phosphorylation and/or down-regulated signaling pathways, we also compared the MFI of the p-signals after stimulation (data not shown). The results indicate that the "end point levels" of phosphorylation are similar in the three groups. Although in some instances (most evident for p-Stat5 after stimulation with IL-2) PROG had slightly higher end levels, these differences were not as striking and significant as those found in the case of basal phosphorylation (shown in Fig. 6 ). These results suggest that blunted responses can, at least in part, be explained by high levels of basal phosphorylation in T cells from HIV PROGs and are consistent with a model in which higher basal phosphorylation levels only allow for blunted changes in phosphorylation of "preactivated" signaling proteins. Such higher basal phosphorylation might reflect activation and/or perturbed regulation of cellular signaling in the setting of HIV infection. However, other mechanisms, such as differential expression of signaling receptors or proteins, e.g., down-regulated IL-2R, might also be contributory.
Elevated levels of basal phosphorylation and dysregulated signaling might very well be related to or caused by cellular alterations in the cellular redox balance. Thus, HIV disease progression has been shown to be associated with decreasing levels of glutathione (GSH), the major redox buffer in almost all cells (59 -62) . Alterations in GSH levels affect the activity of redox-sensitive enzymes, including protein kinases and phosphatases. Such changes, in turn, appear to impact upon cellular signal transduction pathways (63) . In the specific case of HIV disease, depletion of GSH was shown to result in elevated levels of basal phosphorylation and in cellular dysfunction, e.g., reduced calcium flux and proliferation in response to TCR stimulation (61) . Importantly, GSH deficiency has also been associated with numerous other disease states (64) . It is accordingly conceivable that, in the context of the chronic immune activation found in late-stage HIV disease, a dysregulated redox balance will result in increased levels of basal phosphorylation. If so, specific stimuli may not be able to generate sufficient levels of additional phosphorylation to transduce appropriate intracellular signals. Interestingly, very little is known about how basal phosphorylation levels affect signaling networks, their regulation, and cellular function. In a subset of patients with acute myeloid lymphoma, members of the Stat proteins have been reported to be constitutively activated, and upregulated basal state of phosphorylation has been connected to the disability to activate further signaling past basal phosphorylation levels (65) . These and our results underscore the need to better understand the role of basal levels of phosphorylation in regulating or perturbing cell signaling in health and in disease.
Finally, we found that the blunted signaling responses in progressive disease resolve upon ART. Although we cannot discriminate between normalization due to cell replacement (e.g., cells produced de novo from progenitor pools) or to reversion (e.g., of previously dysfunctional cells), this observation indicates that the lesion in signaling is reversible, as long as HIV VLs are brought under control.
In summary, we have demonstrated that, in the setting of HIV infection, CD4 ϩ and CD8 ϩ T cell signaling is blunted in cells from untreated subjects with progressive disease compared with LTNP and RESPs. The observed signaling alterations are not restricted to or manifest within a specific T cell subpopulation, suggesting a generalized state of unresponsiveness. Some alterations in cellular signaling correlated with levels of basal phosphorylation, VL, and/or expression of signaling-regulatory protein PD-1. Of these influences, it was the level of basal phosphorylation that appeared to be the most dominant (Fig. 8) . Altered signaling found in PROGs was reversible with antiretroviral treatment, indicating that signaling dysfunctions can be restored. More detailed analyses of specific signaling pathways and of levels of basal phosphorylation might suggest ways to correct these T cell signaling dysfunctions and to help restore function of CD4 ϩ and CD8 ϩ T cells. 
